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In this paper, we present a novel design of electro-optic modulator and optical switching device,
based on current integrated optics technique. The advantages of our optical switching device are
broadband of input light wavelength, robustness against varying device length and operation volt-
ages, with reference to previous design. Conforming to our results of previous paper [Huang et al,
phys. lett. a, 90, 053837], the coupling of the waveguides has a hyperbolic-secant shape. while
detuning has a sign flip at maximum coupling, we called it as with a sign flip of phase mismatch
model. The a sign flip of phase mismatch model can produce complete robust population trans-
fer. In this paper, we enhance this device to switch light intensity controllable, by tuning external
electric field based on electro-optic effect.
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2I. INTRODUCTION
Optical switching device is the elemental device controllable by external condition, to cut-off or transmit photons,
during the light transmission. Regularly, tuning of switch-on and switch-off is controlled by external voltages. Optical
switching devices are most widely used in the optical communication [1, 2] and are also the most fundamental device
for the optical computer [3–5]. Furthermore, the fabrication of optical modulator can be shared the duplicated
inspiration of optical switching device.
The most pristine idea of designing optical switching device is that physically and mechanically alter the light path,
for example, by employing the mirrors. It is very straightforward to imagine cumbersome and slowly of this config-
uration. Thanks to the developments of integrated optics, nowaday, the most prevailing design of optical switching
device is implemented by electro-optic effect or magneto-optic effect [4, 6]. Electro-optic (magneto-optic) optical
switching device can be disciplined switch-on and switch-off by external voltage (magnetic field), which generates
precisely controllable switching state. fast switching time and much compact integrated device. However, the fidelity
of electro-optic (magneto-optic) optical switching device is awfully sensitive with the coupling length (L0 in Fig.1).
Due to the fabrication of integrated optics technique, it is really arduous to accurately manufacture coupling length.
Therefore, fidelity of optical switching device will be drop rapidly, if there is a error in the coupling length, that makes
the device is not robust against external parameters (wavelength of input light , coupling length).
To solve the issue of robustness, a very widely used techniques to design robust optical waveguide coupler is
introducing the quantum control technique. The quantum control techniques [7, 8] originally come from control
quantum system from initial state to final state with fast, robustness and high fidelity. Recently, there are a large
number of papers to propose quantum control techniques to various physical system, such that graphene device design
[9, 10], broadband half wave plate [11–13] and waveguide coupler design [14–16]. In this paper, we introduce the an
analytical quantum control technique, which coupling strength of the waveguides has a hyperbolic-secant shape.
while detuning has a sign flip at maximum coupling, called it with a sign flip of phase mismatch model, into the
optical switching device. The with a sign flip of phase mismatch model has already been illustrated in complete light
intensity transfer in waveguide coupler, based on our previous paper [17]. In this paper, we combine the quantum
control technique (phase mismatch model) and current integrated optics (electro-optic effect) to propose a novel optical
switching device with robustness against varying wavelength of input light, device length and operation voltages in
nanophotonic scale.
The structure of this paper is as follows. In the section II, we quickly overview of electro-optic effect and current
optical switching device based on electro-optic effect. And then we introduce the phase mismatch model quantum
control technique to illustrate how optical switching device of our design works in the following section. After that,
we numerically investigate our optical switching robustness against varying wavelength of input light, device length
and operation voltages.
II. ELECTRO-OPTIC EFFECT AND CURRENT OPTICAL SWITCHING DEVICE
In this paper, we only discuss first order electro-optic effect (well konwn as Pockels effect [6, 18]) and high order
electro-optic effect is relative excessively small, comparing with Pockels effect. Thus we just ignore the high order
electro-optic effect in this configuration. Pockels effect is the material property of altering reflective index, by applying
the external electric field. The general equation for the Pockels effect is given that,
n(E) = n− 1
2
τn3E (1)
where τ is the electro-optic coefficient, depending on direction of the external electric field and material (in this paper,
we use LiNbO3 as the waveguide coupler material) and n is refractive index of waveguide without external electric
field.
The scheme of previous design shows design structure in the Fig. 1 [4, 6]. Two waveguides are coupled (photons
tuning from one waveguide to another waveguide) each others, due to the overlapping of the evanescent electric field,
describing by coupled mode theory (CMT) [19–21]. Specifically, two waveguides can be coupled, when the distance of
two waveguides is closed enough. Therefore, in the Fig. 1, two waveguides only coupled at the closed areas (coupling
areas) and the length of coupling areas is the coupling length L0. Electrodes cover on the surface of coupling areas,
by connecting to voltage V and ground respectively.
For mathematical analysis, let us look inside of the coupling areas. For current design, two waveguides are parallel
each others and the distance of two waveguides are the constant d. It is already shown that the light intensities of two
parallel waveguides transfer periodically along the direction of propagation z (well known as Rabi oscillation). Assume
that coupling strength of two waveguides is Ω, given by coupled mode theory [19–21], which coupling coefficient Ω
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FIG. 1. The scheme of current integrate electro-optic optical switch. In this design, when we turn on the voltage (V = Von),
the input light is in the waveguide 1 and light out in the same waveguide. When we turn off the voltage (V = 0), the output
light is in the waveguide 2.
exponentially depends on the distance d. Besides, phase matching of two waveguides is defined as ∆β = β1 − β2,
where β1,2 are the propagation constants in waveguide 1 and 2.
When turns off the voltage, there is no electrical field applied on the electrode of coupling area. Thus, propagation
constants are the same under this circumstance and then we can get the ∆β = 0. In order to get the complete
light intensity transmission from waveguide 1 to 2, the coupling length must be L0 = pi/2Ω, by conforming to Rabi
oscillation. Therefore, the reliability of this device is much relative with precision of the fabrication of distance d and
coupling length L0. If these two parameters are not matching, the fidelity of switch-on will be drop fleetly. When
turns on the voltage, the external electric field implements on the electrode of coupling area, then this causes refractive
index of waveguide 1 decreasing. Thus phase mismatch of detuning is no longer stay at 0, such that ∆β 6= 0. It is
already shown that [6], the power-transfer ratio F = P2(L0)/P1(0), where P2(L0) is power of waveguide 2 at L0 and
P1(0) is power of waveguide 1 at the beginning, given by
F = (
pi
2
)2sinc2
1
2
[1 + (
∆βL0
pi
)]2 (2)
In terms of character of sinc2 function, when ∆βL0 =
√
3pi, the transfer-ratio becomes 0 and we completely block the
light intensity transferring from waveguide 1 to waveguide 2, as the switch-off. The operation voltage should be,
Von =
√
3
d
L0
Ωλ0d
n3τ
(3)
where λ0 is the wavelength of input light in the air. From the Eq. (2) and (3), we can effortlessly obtain that power
transfer ratio is much sensitive to coupling length L0 and operation voltage Von. Due to the fabrication process, it is
very hard to control the coupling length L0 very accurate. Therefore, the current optical switching device is not the
robust device and troublesome to manufacture high fidelity device.
III. THE DESIGN OF COMPLETE ACHROMATIC AND ROBUSTNESS OPTICAL SWITCH
In this section, we propose the quantum control technique, phase mismatch model into design optical switching
device. We consider two evanescent coupled waveguides based on integrate optical circuit technique. It is already
shown that the evolution of the wave amplitudes of two monochromatic light beams propagating within the coupled
waveguides, which the evolution can be described by a set of two coupled equations, the well known coupled mode
theory [19, 22],
i
d
dz
C(z) = H(z)C(z), (4)
4where the wave amplitude vector C(z) = [c1(z), c2(z)]
T of waveguide 1 and 2 and I1,2 = |c1,2(z)|2 are the corresponding
light intensities. The operator H(z) given by,
H(z) =
[
β1(z) Ω(z)
Ω(z) β2(z)
]
(5)
where β1,2(z) are propagation constants with respect to waveguide 1 and waveguide 2. The equations of β1,2 can be
given by β1,2 = n1,2k0 = 2pin1,2/λ0, where n1,2 are the refractive indexes of waveguide 1 and waveguide 2 and k0
is wave vector in the air, λ0 is the wavelength of input light in the air. The Ω(z) is the coupling strength between
waveguides. And then we define the phase mismatch of detuning as ∆(z) = [β2(z)− β1(z)]/2, so that we can rewrite
the evolution coupled equation as,
i
d
dz
[
c1(z)
c2(z)
]
=
[−∆(z) Ω(z)
Ω(z) ∆(z)
] [
c1(z)
c2(z)
]
. (6)
Let us look at the details of the configurations of our design. In our design, two waveguides are covered by four
electrodes, notation as V11,12,21,22. Two electrodes, V11,12, cover one waveguide 1 and others two electrodes, V21,22,
cover another waveguide 2. Two electrodes V11,12 (or V21,22) separate half waveguide 1 (or waveguide 2) and the
separation point of these two electrodes is at the maximum coupling between two waveguides (in other words, at the
minimum distance between two waveguides). which the configurations of our designs see in Fig. 2.
From the coupling mode theory, we has already obtained exponential relation between the distance of two waveguides
d and coupling strength Ω. Based on this equation, we can engineering the coupling Ω(z), as the function of hyperbolic-
secant shape, given by
Ω(z) = Ω0sech(z/L), (7)
where L is the FWHM for the coupling Ω(z), and we choose the point z = 0 at the middle of waveguides and Ω0 is
the maximum coupling coefficient.
And then according to electro-optic effect and configuration of electrodes in Fig. 2, we can get the phase mismatch
of detuning ∆(z) is the function of the external electric field E, with
∆(z) =
β2(z)− β1(z)
2
=
pi(n2 − n1)
λ0
=
piτn3(E1 − E2)
2λ0
. (8)
Furthermore, we can simply take the notation as ∆0 =
piτn3(E1 − E2)
2λ0
. Now, it is very easy to find that changing
the sign of phase mismatch (From ∆0 to −∆0 or inverse) is simply by swapping the external electric fields (E1 and
E2).
Firstly, let us assume that we connect first half of waveguides 1 and 2 to corresponding operation voltages V1 and
V2, with V11 = V1 and V21 = V2. In the switch-on mode, the light intensity completely transfer from waveguide
1 to waveguide 2. Based on our previous research [17], the with a sign flip of phase mismatch model can produce
the completely transferring light intensity from one waveguide to anther waveguide. Therefore, we employ external
electric fields to second half waveguide 1 and 2, by swapping voltages V1 and V2, comparing with default voltages
setting for first half waveguide 1 and 2, such that V12 = V2 and V22 = V1. Thus, we can get the with a sign flip of
phase mismatch model as the function of z, shown as
Ω(z) = Ω0 sech (z/L) , (9a)
∆(z) =
{
∆0
−∆0
(z < 0)
(z > 0)
. (9b)
The with a sign flip of phase mismatch model has already shown as completely transferring from one waveguide to
another waveguide, by robustness against varying the device length and wavelength of input light. The light transfer
ratio F = P2(L0)/P1(0) of with a sign flip of phase mismatch model is given by our previous study [17],
F ≈ Ω
2
0
Ω20 + ∆
2
0
[1− 2∆0e
−pi∆0L/2
Ω0
cos(
1
2
piΩ0L) +O
2]2. (10)
From the Eq. (10), it is very easy to obtain when Ω0 is much larger than ∆0, the transfer ratio F is extremely close
to 1. From the coupled mode theory and Eq. (8), the maximum coupling strength Ω0 is relative with minimum
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FIG. 2. The scheme configuration of our design, the robust electro-optic switch between two integrated optical waveguides.
Our design of electo-optic switch device is controlled by employing with (or without) a sign flip of phase mismatch model to
realize switch-on mode (or switch-off mode).
distance between two waveguides and ∆0 is relative with wavelength of input light λ0 and electric field E1 and E2
(correspond to operation voltages V1, V2). We only make the condition satisfies ∆0  Ω0, then complete transferring
comes out. Therefore, with a sign flip of phase mismatch model completely transfers photons from one waveguide to
another waveguide with robustness against varying the device length, wavelength of input light, minimum distance
between two waveguides and operation voltages.
In the switch-off mode, the photons in waveguide are completely blockaded within the waveguide 1. Based on
the geometric configuration of switch-on mode, the most simple approach is to make from with a sign flip of phase
mismatch model to, we called, without a sign flip of phase mismatch model, which there is no phase mismatch
appearing at the maximum coupling strength point. Establishing with the feature of the electro-optic effect, we just
apply external electric fields to second half waveguide 1 and 2 as the same as the corresponding first half waveguide
1 and 2, such that V12 = V1 and V22 = V2. Therefore, the refraction indexes of waveguides 1 and 2 are keep the same
through the device and phase mismatch of detuning ∆0 will be kept from beginning to end of device, as
Ω(z) = Ω0 sech (z/L) , (11a)
∆(z) =
{
∆0
∆0
(z < 0)
(z > 0)
. (11b)
We can show that light completely is blockaded within waveguide 1 and there is no photon transferring from the
6waveguide 1 to waveguide 2 in this configuration (see Fig. 4). It is remarkable to point out the with a sign flip of
phase mismatch model (in the switch-on mode) is not quantum adiabatic following, due to instantaneous changing
of detuning. However, it works as almost same as the quantum adiabatic following with crossing case of detuning
(complete population transfer case). If we turns our device into the switch-off mode, there is no instantaneous changing
of detuning. Therefore, it is the quantum adiabatic following with no-crossing case, which produces the complete
population return. Thus, we can employ the quantum adiabatic following theory to demonstrate analytical results of
switch-off mode.
IV. NUMERICAL RESULTS
In this section, we would like to discuss and illustrate our device robustness by employing the numerically results.
And then by using these results to verify how our device works with robustness in switch-on mode (see Fig. 3) and
switch-off mode (see Fig. 4). After that we continue to have the discussion with coupling strength Ω(z) and detuning
∆(z) functions with Gaussian noise (see Fig. 5).
For both the switch-on and switch-off mode, the geometric configuration and voltages setting up have already
described in the section 3 (see Fig. 2). As the discussion in the section 3, let us connect first half of waveguides 1 and
2 to corresponding operation voltages V1 and V2, with V11 = V1 and V21 = V2. In the switch-on mode, second half of
waveguides 1 and 2 connects the voltages with respect to V2 and V1, given by V12 = V2 and V22 = V1. Therefore, the
coupling strength and detuning functions are given by equation (9). The Fig. 3 shows the results of the population
transferring along with the z in the switch-on mode with an example (left side of Fig.3). We install the Ω0 = 10 and
∆0 = 1 ( both in the unit of 1/L), then we assume the device length is from z = −10 to z = 10 (the unit of L). After
that we demonstrate the robustness of the ∆0 and Ω0 in the switch-on mode (right side of Fig. 3).
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FIG. 3. (1) Left side: The light intensities complete transfer from waveguide 1 to waveguide 2 in the switch-on mode with an
example, which is Ω0 = 10 and ∆0 = 1 ( both in the unit of 1/L). We assume the device length is from z = −10 to z = 10
(the unit of L). (2) Right side: The robustness of coupling strength Ω and detuning ∆ in the switch-on mode.
From the results of the Fig. 3, it is very easy to notice that the configuration of switch-on delivers complete
population transferring from waveguide 1 to waveguide 2 as we expected. Then For the robustness point of view, as
we can obtain at right side of Fig. 3, if the condition of ∆0  Ω0 is satisfied, there have some errors on the ∆0 and
Ω0 out of our design and we still produce complete population transfer from waveguide 1 to waveguide 2. Now let us
focus on switch-off mode in our design, showing the evolution of light intensities of waveguide 1 and waveguide 2 in
left side of Fig. 4 and assume Ω0 = 10 and ∆0 = 1 (both in the unit of 1/L), with device length is from z = −10 to
z = 10 (the unit of L) in the left side of Fig. 4. After that we demonstrate the robustness of coupling strength Ω and
detuning ∆ in the switch-off mode.
As we can see the left side of Fig. 4, the light intensity of waveguide 1(P1) transfers from waveguide 1 to waveguide
2 and then come back to waveguide 1, so called complete population return in the switch-off mode. For the robustness
of coupling strength Ω and detuning ∆ in the switch-off mode in the right side of Fig. 4, it is easy to find that the
operation of switch-off mode is valid at most situations, only has some small defects of robustness, when ∆0 is small
(typically smaller than 0.45 1/L).
At the last, we introduce the Gaussian noise into our detuning ∆(z) and coupling strength Ω(z) and then examine
how this Gaussian noise influences the performance of our design. Physically, the noise of fabrication (the vibration of
laser written waveguide) can be well described as Gaussian noise into the functions of detuning and coupling strength.
In Fig. 5, we plot the error rate of our design, by introducing the Gaussian noise into the detuning and coupling
strength functions with varying the signal noise ratio (SNR in dB). From the Fig. 5, when the Gaussian noises of
detuning and coupling strength are relatively larger (SNR of Gaussian noise = 10 dB), the error rate of our design
has less than 10% (around 9%). The error rate decreasing to less than 2%, while the Gaussian noises are relatively
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FIG. 4. (1) Left side: The light intensities complete return from waveguide 1 back to waveguide 1 in the switch-off mode with
an example, which is Ω0 = 10 and ∆0 = 1 ( both in the unit of 1/L). We assume the device length is from z = −10 to z = 10
(the unit of L). (2) Right side: The robustness of coupling strength Ω and detuning ∆ in the switch-off mode.
low (SNR of Gaussian noise ≥ 17 dB). Therefore, we can conclude that our design is well robust against varying the
fabrication noise.
Signal Noise Ratio of Gaussian noise (dB)
1 2 3 4 5 6 7 8 9 10 11
E
rr
o
r 
ra
te
0
0.02
0.04
0.06
0.08
0.1
10 11 12 13 14 15 16 17 18 9 20
FIG. 5. The error rate of our design by introducing Gaussian noise to detuning ∆(z) and coupling strength Ω(z) functions,
with Signal Noise Rate (SNR) from 10 dB to 20 dB.
V. CONCLUSION
In this paper, we propose a novel design for complete transfer and robust optical switching device, by employing
quantum control technique (phase mismatch model) and currently integrated optics technique (electro-optic effect).
Our switching operator is controlled by external voltages setting configuration, by exploiting the with (or without) a
sign flip of phase mismatch model to realize switch-on mode (or switch-off mode). In this paper, we demonstrate how
our design works and robustness of our optical switching device. Furthermore, we show that our optical switching
device can robust against fabrication error during the fabrication processing. Therefore, we conclude that our design
of optical switching device improves the robustness and performance substantially than previous design.
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